Although conventional nerve conduction studies (NCS) and electromyography (EMG) are suitable for the diagnosis of neuromuscular disorders, they provide limited information about muscle fiber membrane properties and underlying disease mechanisms. Muscle velocity recovery cycles (MVRCs) illustrate how the velocity of a muscle action potential depends on the time after a preceding action potential. MVRCs are closely related to changes in membrane potential that follow an action potential, thereby providing information about muscle fiber membrane properties. MVRCs may be recorded quickly and easily by direct stimulation and recording from multi-fiber bundles in vivo. MVRCs have been helpful in understanding disease mechanisms in several neuromuscular disorders. Studies in patients with channelopathies have demonstrated the different effects of specific ion channel mutations on muscle excitability. MVRCs have been previously tested in patients with neurogenic muscles. In this prior study, muscle relative refraction period (MRRP) was prolonged, and early supernormality (ESN) and late supernormality (LSN) were reduced in patients compared to healthy controls. Thereby, MVRCs can provide in vivo evidence of membrane depolarization in intact human muscle fibers that underlie their reduced excitability. The protocol presented here describes how to record MVRCs and analyze the recordings. MVRCs can serve as a fast, simple, and useful method for revealing disease mechanisms across a broad range of neuromuscular disorders.
Introduction
Nerve conduction studies (NCS) and electromyography (EMG) are the conventional electrophysiological methods used for the diagnosis of neuromuscular disorders. NCS enables detection of axonal loss and demyelination in the nerves 1 , while EMG can differentiate whether myopathy or neurogenic changes are present in the muscle due to nerve damage. However, NCS or EMG provide limited information about muscle fiber membrane properties and underlying disease mechanisms. This information can be achieved using intracellular electrodes in isolated muscles from muscle biopsies 2, 3, 4 . However, it is of clinical importance to use methodologies using recordings from intact muscles in patients.
The velocity of a second muscle fiber action potential changes as a function of the delay after the first 5 , and this velocity recovery function (or recovery cycle) has been shown to change in dystrophic or denervated muscles. The yield of such recordings from single muscle fibers was, however, too low to be of use as a clinical tool 6 . However, Z'Graggen and Bostock later found that multi-fiber recordings, obtained by direct stimulation and recording from the same bundle of muscle fibers, provide a fast and simple method of obtaining such recordings in vivo 7 . A sequence of paired pulse electrical stimuli with varying interstimulus intervals (ISIs) is used in this method 7, 8, 9, 10, 11 . The evaluated MVRC parameters include the following: 1) muscle relative refractory period (MRRP), which is the duration after a muscle action potential until the next action potential can be elicited; 2) early supernormality (ESN); and 3) late supernormality (LSN). ESN and LSN are the periods after the refractory period in which the action potentials are conducted along the muscle membrane faster than normal. The depolarizing afterpotential, and potassium accumulation in the t-tubules of the muscle respectively, are hypothesized as the main causes for the two periods of supernormality.
The wide applicability of MVRCs to muscle disorders has been shown in detecting membrane depolarization in ischemia 7, 10, 12 and renal failure , Andersen-Tawil syndrome 18 , and myotonia congenita 19, 20 ).
In a recent study, the applicability of MVRCs to neurogenic muscles was shown for the first time. The term "neurogenic muscle" refers to the secondary changes in skeletal muscles that develop as denervation and reinnervation after any injury to the anterior horn cells or motor axons. Denervation is characterized in EMG as spontaneous activity (i.e., fibrillations [fibs] and positive sharp waves [psws]), while large motor unit potentials with prolonged duration and increased amplitude present reinnervation 21 . EMG changes are evident in denervated muscles, but the underlying cellular changes in muscle fiber membrane potentials have only been demonstrated in experimental studies on isolated muscle tissue 2, 3, 4 . MVRCs provide further insight into in vivo human muscle membrane properties regarding the denervation process. This paper describes the methodology of MVRCs in detail. It also summarizes the changes in neurogenic muscles in a subgroup of patients from a previously reported study 22 and healthy control subjects that enables determination of whether the method is appropriate for a planned study.
The recordings are performing using a recording protocol that is part of a software program. Other equipment used is an isolated linear bipolar constant current stimulator, 50 Hz noise eliminator, isolated electromyography amplifier, and analogue-to-digital converter.
Protocol
All subjects must provide written consent prior to examination, and the protocol must be approved by the appropriate local ethical review board. All methods described here were approved by the Regional Scientific Ethical Committee and Danish Data Protection Agency.
MVRC analyses
1. Start the analyzing software program to perform the analysis offline. 2. Select the recording that will be analysed and click on the OK button. 3. Click on Load parameters from the Files menu. 4. Select MANAL9 option for the analysis. If this is not present on the list, click on Browse to find this file. Click OK to continue. 5. When a description of MAnal9 muscle excitability analysis appears, click OK to continue. 1. Invert the muscle action potential by typing MM-1 if the potential appears upside down. 2. Right-click the mouse to make the magenta line visible. Set the window to the base of the peak response and with a width corresponding roughly to the width of the action potential at that height. Drag with the mouse to adjust the window. The window determines the latencies within which the height and latency are measured, as indicated by the pale blue lines, and green line indicates the baseline. Click OK to continue.
6. Click OK to remeasure the latencies and peaks. This will be done automatically. NOTE: In the display of the remeasured latencies, the latencies are measured to shorter delays than original ones. This is because the responses to conditioning stimuli alone were subtracted from responses to the conditioning plus the test. This ensures that conditioning stimuli do not interfere with latency measurements. As is indicated in the prompt box, single bad points can be eliminated by positioning the cursor (vertical red line) over the point and hitting the ~ key. The bad point is replaced with mean of values on either side in same channel. If there are no bad points, set DE (display end) to just after the last latency required. 7. Click OK to create an RMC file. 8. Ignore most of the options appearing in the "Create RCC or RMC" form, since these are concerned with measurements of C-fiber rather than MVRCs. Click Save and Exit to continue. After saving the RMC file, the prompt box provides different options 9. If frequency ramp and/or repetitive stimulation data have been recorded, follow the instructions to analyse these. Otherwise, select Go straight to create MEM file option to create a MEM file. Click OK to continue. 10. Click Save and Exit to continue. 11. Click OK to add the RMC data to MEM file. 12. Click Add from Input RMC file to add this data to the MEM file, then change the directory to save the composite MEM file. Then, click Save and Exit to save it. 13. Click OK to save the remeasured QZD file to allow differentiation from the original QZD file using a # sign.
Representative Results
The following results were obtained in a subgroup of patients from a recent study 22 , in which there were fibs/psws in all sites showing profuse denervation activity. The results showed that changes in muscle fibers after denervation were assessed in vivo using the MVRC technique described in this protocol. MVRCs showed changes consistent with depolarization of the resting membrane potential in the neurogenic muscle fibers.
Fourteen patients were compared with 29 healthy subjects. Subject demographics are shown in Table 1 . Figure 2 illustrates recordings from a healthy subject and patient. Figure 3 and Table 2 illustrate comparison of patients' MVRCs with healthy subjects. MRRP was prolonged, and ESN and LSN were reduced in patients compared to healthy controls (Table 2, Figure 3 ). , ISI corresponding to ESN (%). 5ESN = peak early supernormality after five conditioning stimuli. LSN (%) = latency reduction of muscle action potential after one conditioning stimulus as percentage of unconditioned stimulus at ISI between 100-150 ms. XLSN (%) = latency reduction of muscle action potential after two conditioning stimuli as percentage of one conditioning stimulus at ISI between 100-150 ms. 5XLSN (%) = latency reduction of muscle action potential after five conditioning stimuli as percentage of one conditioning stimulus at ISI between 100-150 ms.
Values are listed as means ± standard deviation.
Discussion
MVRCs, as programmed in the recording software, is a highly automated procedure, but care is needed to obtain reliable results. In the recording stage, while adjusting the needles, it is important to avoid stimulating the end-plate zone or nerve. This usually leads to large twitches of the whole muscle, which increases the risk of displacement of the stimulation and/or recording needle during recording MVRCs. To date, the method has been applied to several muscles that have better described end-plate zone; however, the endplates may be scattered (i.e., in the anterior tibial muscle). Therefore, particular attention is required.
In order to avoid stimulation of the endplate or nerve instead of muscle fibers, care should be taken when observing the muscle for twitches. The stimulating monopolar needle should be moved, as well as the recording concentric needle, to locate a site that does not cause twitches. Additionally, subjects should be asked whether or not they feel pain. MVRC recordings do not cause any unpleasantness, unless the end-plate zone or the nerve is stimulated instead of muscle fibers.
A limitation of the MVRCs method is performing the recording in only one site and examination of only a few muscle fibers, which does not necessarily represent the whole muscle. This limitation is particularly important in disorders where the pathology is not diffuse. A previous study found surprisingly no difference between patients with amyotrophic lateral sclerosis and healthy controls despite denervated muscles. This was probably because denervation activity was not recorded at the site where MVRCs were recorded 23 . It also cannot be excluded that the needle could have been adjusted to a healthier spot with a more optimal response.
Another limitation of MVRCs is that one may have a tendency to spot the healthy muscle fibers while adjusting the recording needle to obtain a stable response for measurements. One way to overcome this limitation may be to do the recordings from polyphasic potentials. However, this may pose problems for determining an accurate latency if there are undifferentiated peaks. Additionally, although we intend to stimulate and record from the same bundle of muscle fibers, these may not be exactly the same. The stimulated bundle may contain different fibers during ongoing experiment 24 .
MVRCs provide information that cannot be obtained by the conventional electrophysiological methods. Thus, there is no other method in current use that can be compared to MVRCs. The earlier report 6 , using single fiber needle electrodes to record at two sites from the same muscle fiber, was much more difficult. Good recordings were only obtained from 43 out of 118 muscle fiber studies, and this method has not been adopted in research labs or clinics. Another similar but unautomated approach used eight different ISIs from 20 ms to 2 ms 25 . The authors reported that a recording took 20-60 min, whereas this method records MVRCs with 34 ISIs in about 10 min. The analysis is also fast and highly automated.
In conclusion, MVRCs is a method that may provide invaluable information to understand the underlying mechanisms of neuromuscular disorders. For patients in which a mutation in an ion channel gene has been identified, this method also provides data on the effects of those specific mutations on muscle membrane excitability in vivo. This, together with in vitro expression studies, enables a more accurate understanding of muscle pathophysiology in these patients. This method has the potential to provide insight into the role of those channels in normal muscle physiology, thus improving the understanding of muscle disease in general. Further studies with other patient groups and larger groups are necessary. Studies recording MVRCs in different muscles are also warranted.
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